Because of obvious drawbacks including serious artefacts and noise in a decoded image, the existing wavefront coding infrared imaging systems are seriously restricted in application. The proposed ultra-precision diamond machining technique manufactures an optical phase mask with a form manufacturing errors of approximately 770 nm and a surface roughness value Ra of 5.44 nm. The proposed decoding method outperforms the classical Wiener filtering method in three indices of mean square errors, mean structural similarity index and noise equivalent temperature difference. Based on the results mentioned above and a basic principle of wavefront coding technique, this paper further develops a wavefront coding infrared imaging system. Experimental results prove that our wavefront coding infrared imaging system yields a decoded image with good quality over a temperature range from −40°C to +70°C.
Introduction
Conventional infrared imaging systems are widely used in the areas of military, space exploration and security surveillance. However, the change of environmental temperature causes thermal defocus aberration and strongly affects the performance of infrared optical system [1] [2] [3] .
In order to maintain the in-focus imaging quality over a wide range of environmental temperatures, there are many approaches aiming to achieve the athermalization of infrared imaging system such as the mechanically active method [4] , the mechanically passive method [5] , and the optically passive method [6] . Compared with those methods, the athermalization by wavefront coding techniques has many merits including avoiding the use of less desirable and exotic materials relaxing manufacturing tolerances for some optical and mechanical elements and shortening time for adjusting focus [7, 8] . In the same time, the continuously reduced cost of an infrared detector provides convenience for its wide application.
Because of obvious drawbacks including serious artefacts and noise in a decoded image, the existing wavefront coding infrared imaging systems are seriously restricted in application. The drawbacks mainly results from the phase mismatch of the optical transfer function (OTF) and digital recovery [9] , amplification of noise in digital decoding processing, detector sampling artefacts due to aliasing [10] . The surface manufacturing errors of an optical phase mask will change optical OTF, which maybe cause the phase mismatch of the optical OTF and digital recovery [7] . Currently, those drawbacks cause that the image quality of decoded images falls far behind image quality of its corresponding in-focus infrared image at room temperature [11] . Therefore, those drawbacks remain to be effectively solved.
Based on a basic principle of wavefront coding imaging [12] , this paper develops a wavefront coding infrared imaging system. The manufactured optical phase mask, proposed digital decoding method and athermalization experiment are discussed successively.
Our wavefront coding infrared imaging system

Principle and developed demonstrator camera
In the early 1990s, Dowski and Cathey [12] theorized that the radar signal processing could be applied to optics. The result was wavefront coding, a technique to extend depth of focus. As shown in figure 1 , the wavefront coding technique mainly includes two stages of optical coding and digital decoding [12] . The wavefront coding technique performs the wavefront modulation of the incident rays by mounting a purposely designed optical phase mask in the pupil of an optical system. Then, a decoded and sharp image is obtained by digitally decoding a coded intermediate image which is insensitive to misfocus-related aberrations.
A general pupil function of a wavefront coding infrared optical system can be written as Utilization of the general pupil function ( ) x h P , to compute OTF of wavefront coding infrared optical system can be expressed as
, denotes a pair of two-dimensional spatial frequency, l is wavelength and ¢ d is the distance from a pupil to a focal plane. There are many forms of optical phase masks. The cubic phase mask is widely researched. The surface form of the cubic phase mask can be expressed as [12] ( ) ( ) a = + z x y , 3 3 3 where z is its sag and, a is the form parameter of the cubic phase mask, x and y are its normalized coordinates.
The optical effect of a on the performance of a wavefront coding optical system can be analyzed by its OTF [12] . As a function of α, an one-dimensional and separable OTF is given by [12] with relation to misfocus is also a function of a which indicates that a large a contributes to reduce the sensitivity of defocus aberration and accordingly to improve the OTF consistency over a wide defocus range. As a result, a conclusion that a large a improves the OTF consistency but degrades its magnitude could be drawn There is a relationship between the two dimensional OTF and the point spread function (PSF). Theoretically, the twodimensional spatial frequency PSF can be approximately obtained by inverse Fourier transform
where
, represents the spatial coordinate on the focal plane array (FPA) of a detector. The PSF consistency can be evaluated by the following formula [7] (¯)(¯)
where A stands for PSF matrix obtained with an ideal phase mask, B stands for PSF matrix affected by the form manufactured mask,Ā andB are their mean values respectively. Based on the wavefront coding principle of Dowski and Cathey [12] , this paper develops a demonstrator camera for wavefront coding infrared imaging technique, as shown in figure 2 . The demonstrator camera is developed with a focal length f=65 mm (after removing the optical phase mask), F/1.0, a field of view of 8×6 degrees, integrating with an uncooled, long-wave infrared FPA of 320×240 pixels on a 38 um pitch which creates a detector cutoff spatial frequency of about 13 lp mm −1 . Its operating wavelength is 8-14 μm. All the optical material used in the optical system of the demonstrator camera is germanium. The demonstrator camera is expected to work over a temperature range from −40°C to +70°C.
As its two key elements, the optical coding and the digital decoding would be elaborated in detail.
Optical coding
In order to design a cubic phase mask, the effect of a form parameter a on the performance of a wavefront coding infrared imaging system is analyzed firstly. The effect can be characterized by the PSF consistency at different temperatures and the room-temperature MTF (@13 lp mm −1 ). A numerical simulation is performed. As illustrated in figure 3 , with the increase of a, the PSF consistency between at +70°C and at +20°C rises, but the MTF at a room temperature of +20°C declines.
Therefore, the form parameter a of the cubic phase mask is adjusted to meet two requirements: to achieve a large PSF consistency over the temperature range from −40°C to +70°C and to achieve a large MTF at the room temperature of +20°C. After gradual adjustment, a is finally set to 11.6 μm.
As one key element of the developed demonstrator, a cubic phase mask is responsible for optical coding. Its fabrication technique, measurement of form manufacturing errors and surface roughness, effect of form manufacturing errors will be successively introduced in the following.
Conventionally, monocrystalline infrared materials such as silicon and germanium are fabricated through grinding, polishing and lapping, but these approaches are not viable for machined axisymmetric surfaces with complex geometrical profiles. Instead, single point diamond turning is becoming more and more popular [13] . However, with a free-form surface and being made of brittle-crystal infrared material, an optical phase mask is difficult to be manufactured accurately. The common ultra-precision machining technology tends to cause the detachment of crystal particles.
In order to improve the quality of the optical phase mask, an efficient and key technique is proposed by us to machine germanium material with negative cutting angle under the extrusion state [13] . The proposed technique is called nanometric machining of ion implanted materials (NiIM) [14] , which is based on the extrusion deformation theory. An ion implantation process is used to modify the surface mechanical properties of single crystal material before cutting. It was proved by both theoretical and experimental analyses that proper surface irradiation could reduce surface fractures, increase the brittle-ductile transition depth and prolong tool life [14] . Manufacturing becomes easier with a larger critical chip thickness and less anisotropy. Surface softening by ion implantation can effectively reduce tool wear. In short, all those merits help to improve the manufacturing accuracy of the cubic phase mask.
As shown in figure 4 , a cubic phase mask was manufactured by the proposed technique. The manufactured cubic phase mask is made of germanium material. It has a thickness of 5 mm and its outside diameter is 39 mm and its inner circle diameter is 33 mm. Its surface designed sag is approximately 23.2 μm.
Its form manufacturing errors are measured by a Taylor profiler of PGI1250. The form errors are evaluated by the comparison between the measured profile data and the reference data. The peak to valley (PV) value of the comparison result is always used to describe the whole form The effect of a form manufacturing error on the performance of a decoded image depends on not only the magnitude but also the form of the error. In order to analyze the effect of form manufacturing errors on the PSF of the wavefront coding infrared imaging system, Zernike polynomials [15] are used to fit the manufactured form, which contains the form manufacturing errors.
The basic principle of Zernike polynomial fitting is that an arbitrary surface is regarded as a synthesis of a sequence of linear base surfaces. Since Zernike polynomials are orthogonal on a unit circle, the corresponding coefficients are mutually independent. The surface form to be fitted is expressed as a linear combination of Zernike polynomials,
is the surface form to be fitted, subscript j denotes the ordinal number of Zernike polynomials, ( ) r q , denotes the polar coordinates, Z j and q j respectively stand for the jth Zernike polynomial and its coefficient, This paper describes the procedure for utilization of Zernike polynomials to fit the manufactured form in the following,
i where g i denotes the measured sag.
(ii) Construct the following equation by using the top 28 terms of Zernike polynomials where N is the number of 20 500 sampled points of the measured data.
(iii) By means of least squares method, the fitted coefficients of Zernike polynomials are obtained aŝ 
where symbol † represents pseudo-inverse operator. ZEMAX Optical Design Software [16] supports a surface type of 'Zernike Standard Sag'. Importing the fitted Zernike coefficients into 'Extra Data Editor' module of ZEMAX, we can obtain a digital PSF affected by the form manufacturing errors.
The affected PSF are compared with the ideal PSF, as shown in figure 6 . By means of equation (6), the PSF consistency is 0.9789, which proves that the effect of form manufacturing errors on PSF is slight.
Our optical phase mask has two sides. One surface is cubic and the other surface is plane. Their surface roughness values are measured by a white light interferometer of Wyko NT9300 respectively. The cubic surface has a surface roughness value Ra of 5.44 nm, as shown in figure 7(a) . The plane surface has a surface roughness value Ra of 5.09 nm, as shown in figure 7(b) . Obviously, the measured roughness value of the cubic surface approximates to that of the plane one (the plane surface can be manufactured more easily), which guarantees that the stray light caused by surface roughness is reduced at a low level.
As shown in figure 8 , the MTF of the assembled wavefront coding infrared optical system is measured. The assembled errors between the measured MTF and the designed one are less than the practical value of 0.1, which proves the validity of assembling the optical system.
Digital decoding
This above machining improvement is one of the two key factors for our wavefront coding infrared imaging system to achieve decoded images with good quality. The other factor is digital decoding process.
There are conventional digital decoding methods such as inverse filtering method and Wiener filtering method. Inverse filtering method leads to noise amplification in a decoded image [17] . Wiener filtering method will be very effective for restoration only under high signal-to-noise ratio (SNR) (>45 db). Generally, because an intermediate coded image of a wavefront coding infrared imaging system has a low SNR, Wiener filtering method causes noise amplification in a decoded image. Wavelet denoising causes the edge blurredness of the decoded image. Those methods available are hard to strike a balance between the noise amplification and the artefacts. Shrinkage functions are utilized in our proposed method and its denoising process is completed with the joint guide of a PSF and sharp infrared images, which contributes to the reduction of noise and artefacts.
As shown in figure 9 , the restoration method is based on decoupling of decoding and denoising steps. At the decoding stage, Wiener filtering method is adopted to decode the wavefront infrared image, which is expressed as ( ) 
wheref is the preliminary decoded image, g is the coded blurred image, H is the Toeplitz matrix of PSF, I denotes an identity matrix, n is the noise of detector and s n is noise power and s f is the power of the reference, s s n f is NSR (noise to signal ratio). If the expression were ill-condition, the restoration might result in strong noise. Therefore, at denoising process, a wavelet shrinkage denoising method being similar to ForWaRD [18] is adopted to yield a high SNR restoration image. However, the shrinkage functions adopted in our method are not hard-threshold because the discontinuity of a hard threshold function may lead to some impulse noise. Through learning from different sharp infrared images regarded as image priors, the shrinkage functions in this paper are modeled by spline functions and then offline yielded through solving a least squares optimization problem aiming to minimize the sum of squared errors between reference images and their restorations. In order to get better denoising images, the undecimated wavelet transform is used in this method. Therefore, the denoising stage is represented asˆ˜(˜)
where W denotes the unndecimated wavelet transform operator,W denotes the inverse undecimated wavelet transform operator and symbol () f denotes the shrinkage functions learned by sharp infrared images.
Our digital decoding method mainly includes the following steps: By means of mean square errors (MSE), mean structural similarity index (MSSIM) [19, 20] and noise equivalent temperature difference (NETD) [21] evaluation indices, a comparison between the classical Wiener filtering method and our decoding method is made. The indices of MSE and MSSIM are calculated by comparing those decoded images and a reference image. The NETD evaluation experiment is performed by the standard test procedure of an infrared imaging system. A sharp infrared image is chosen as a reference image (in figure 10) and it is convoluted with a wavefront coding PSF function (at bottom right corner of figure 10 ) to produce an intermediate coded image.
Evaluation by MSE and MSSIM is conducted by two simulations. Procedure of the first simulation is described as follows. For the first simulation, the estimated NSR of Wiener filtering method is set to the reciprocal of SNR of intermediate coded images. Theoretically, this case means that Wiener filtering method adopts the optimal NSR parameter in equation (10) .
In figure 11 , Indices of MSE and MSSIM respectively proves that our decoding method outperforms Wiener decoding method for an intermediate coded images with SNR range from 10 to 50 db. Theoretically, the optimal NSR parameter of Wiener filtering method is the reciprocal number of the SNR of the intermediate coded image. Commonly, the NSR parameter is replaced by a constant term which has an influence on a decoded image. This influence will be characterized by MSE and MSSIM in our second simulation.
Procedure of the second simulation is described as follows. In second simulation, an intermediate coded image with 30 db is given, as shown in figure 12(a) . As shown in figure 13 , indices of MSE and MSSIM respectively prove that our decoding method outperforms all the Wiener decoding methods with different values of constant term. Figure 14 shows decoded images by Wiener filtering method with different values of constant term. With the increase of decoding constant term g, the noise level of a decoded image becomes relatively slight and the artefacts become more serious. All the decoded images by Wiener filtering method in figure 14 are inferior to the decoded image by our decoding method in figure 12(c) .
Evaluation is conducted by NETD as follows.
As a widely used performance parameter, the NETD of a forward looking infrared thermal imaging system is a measure for its sensitivity level [21] . That performance parameter characterizes the sensitivity of the thermal imaging sensors. NETD is the equivalent blackbody target-to-background temperature difference.
DT is the apparent temperature difference between the target and the background. V S denotes the system signal response to the input DT .
V N denotes the standard deviation of noise contained in the video output.
The calculation of NETD can be described as follows.
The temperature difference between target and its background DT is set. F frames of tested infrared images containing targets and backgrounds are captured. A target area and a background area are respectively fixed in the tested infrared images. Let I tgt and I bgt separately denote the cropped sequence containing target areas and the cropped sequence containing background areas.
In the target area, the meanĪ tgt and standard deviation N tgt are given by, 
In background area, the meanĪ bgt and standard deviation N bgt are given bȳ ( )
The system signal response V S is expressed by
The root mean square noise of the system is given by
Finally, substituting DT , V S and V N into equation (12) yields an NETD value.
By means of NETD, we can make a quantitative comparison between our decoding method and the classical Wiener filtering method. As shown in figure 15(a) , the temperature difference is created by the area blackbody. A square target is radiated by the area blackbody and then the incident rays are reflected by the infrared collimator to form collimated rays. The blackbody and collimator (Model LC-12/12wM/ATHERMO) are manufactured by Electro Optical Industries Inc. The square target pattern is captured by our wavefront coding infrared imaging system, as shown in figure 15(b) .
The procedure of NETD test experiment can be described as follows: (12)- (20), the cropped sequences of our decoding method is utilized to calculate NETD.
In the process of our NETD test, we utilized the raw data of 16 bits. Some important parameters and results were listed in table 1. NETD is an objective evaluation index for an infrared imaging detector. Based on the above experimental procedure, the experimental results are obtained. Wiener filtering method achieves an NETD of 122.18 mK. By contrast, our decoding method achieves an NETD of 32.15 mK. This comparison proves that our decoding method more effectively rejects the noise than classical Wiener filtering method.
Experiment
In order to comparatively validate the athermalization characteristics of the wavefront coding infrared imaging systems and the conventional infrared imaging system, two imaging systems are separately set at temperatures of +20°C, +70°C and −40°C by adjusting the camber temperature and keeping more than an hour per temperature point.
An experimental setup shown in figure 16 is constructed to verify the athermalization of our wavefront coding infrared imaging system and the conventional infrared imaging system. This experimental setup mainly consists of a portable infrared target projector (Model 66504 produced by Electro Optical Industries, Inc.) and a high-low temperature test chamber (TST Inc. CTPS715BI temperature range from −70°C to +150°C). The portable infrared target projector is placed out of the high-low temperature test chamber and infrared imaging system is placed in the high-low temperature test chamber for more than one hour at the preset temperature. The bar targets of the portable infrared target projector are observed through the infrared germanium windows of the high-low temperature test chamber. The environmental temperatures of the infrared imaging system are indirectly changed by adjusting the high-low temperature test chamber. Figure 17 (a) are the infrared images being captured by a conventional infrared imaging system. At the room temperature, this infrared imaging system is in-focus and has the ability to discriminate the four bar target patterns (the top first and second classes). However, with thermal defocus, the conventional imaging system is hard to discriminate the four bar target pattern at the temperatures of +70°C and −40°C. 17(b) are the coded blurred images being captured by our wavefront coding infrared imaging system at environmental temperatures of +20°C, +70°C and −40°C. With the blurredness, the four bar target patterns cannot be discriminated in coded blurred images. However, after being decoded, the decoded images become sharp and the four bar target patterns can readily be discriminated, as shown in figure 17(c) . Figure 18 shows two groups of our experiments at +20°C. Both the results show that our coded blurred images are blurred, but the blurredness in coded blurred images is removed by the effective decoding method in this paper. Our decoded image in figure 16(a) clearly shows the windows of near buildings. As shown in figure 16(b) , the windows and wheels of vehicles can clearly be seen and even three walking persons at 125 m and their legs can be easily discriminated. Additionally, more experimental results at +28°C and +70°C for athermalization validation of our wavefront coding infrared imaging system are previously reported in [11] .
Conclusion
Our ultra-precision diamond machining technique has manufactured an optical phase mask with a form manufacturing errors of approximately 770 nm and a surface roughness value Ra of 5.44 nm. Our decoding method outperforms the classical Wiener filtering method in three indices of MSE (mean square errors), MSSIM (Structural similarity index) and NETD (noise equivalent temperature difference). This paper further develops a wavefront coding infrared imaging system. Experimental results prove that our wavefront coding infrared imaging system yields a decoded image with good quality over a temperature range from −40°C to +70°C. This paper provides an approach for the reduction of both artefacts and noise in wavefront coding athermalized infrared imaging system, which will help to promote its wide application in the future.
